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The present study shows a differential effect of listening conditions on the recognition of non-native consonants compared to native consonants. Native consonants were recognised better than non-native consonants in favourable listening conditions. In challenging listening conditions, non-native consonants were found to be recognised better than native consonants. Poorer recognition of non-native consonants was due to greater difficulty for the recognition of voicing information in non-native consonants, among native Malayalam speakers.

INTRODUCTION {#sec1-1}
============

Speech recognition is a "complex phenomenon which involves processing the auditory aspects of the signal as well as language based processing of the information".\[[@ref1]\] Several factors affect the recognition of speech, which includes the degree of redundancy in the stimulus, the presence of background noise and its spectral structure, signal-to-noise ratio (SNR), the age of listener, the rate of presentation of stimuli, knowledge of the language, and cognitive and linguistic abilities of listeners.\[[@ref2]\] In ideal listening conditions, speech recognition takes place with little effort and is considered to be automatic. However, in adverse listening conditions such as in the presence of noise and reverberation, the recognition of speech would be challenging. Further, studies have shown that the recognition of speech was significantly affected among non-native listeners, especially in adverse listening conditions.\[[@ref3][@ref4][@ref5][@ref6]\] Poorer speech recognition among non-native listeners has been attributed to the lack of ability to make use of the contextual information available in the speech signal.\[[@ref3]\]

Investigations to understand speech recognition difficulties of non-native listeners are not new in the field of speech perception. Nabelek and Donahue\[[@ref4]\] compared the recognition of English consonants between native and non-native listeners in quiet and in the presence of reverberation (reverberation time of 0.4, 0.8, and 1.2 s). In quiet, the recognition score was equivalent for both native and non-native listeners. However, in the presence of reverberation, the recognition score of non-native listeners deteriorated rapidly with an increase in the reverberation time. Garcia Lecumberri and Cooke\[[@ref5]\] compared the recognition of English consonants between native and non-native listeners in quiet and in the presence of noise. In both quiet and in the presence of noise, the recognition score for English consonants was affected among non-native listeners. Further, in the presence of noise, the recognition score was significantly reduced compared to the quiet listening condition. Other investigators have reported similar findings.\[[@ref6][@ref7][@ref8]\] Cooke and Garcia Lecumberri\[[@ref6]\] compared the recognition of British English consonants in the presence of noise between native speakers of British English and native speakers of other European languages. Among speakers of various European languages, the recognition score for English consonants was dependent on the native language of participants.

From the findings of above investigations, it is evident that non-native speakers of English have significant difficulty for the recognition of English consonants in the presence of noise, and the degree of difficulty increases with the level of noise. Further, the extent of difficulty for the recognition of English consonants among non-native speakers of English was dependent on the native language of participants. Although many studies have investigated the recognition of English consonants among speakers of various languages, participants in those investigations were mostly speakers of European languages. There is a dearth of studies investigating the recognition of English consonants among speakers of Indian languages. To the best of our knowledge, there are no published studies which have investigated the recognition of English consonants among speakers of Indian languages. Therefore, the present study was carried out to investigate the recognition of English consonants (i.e., consonants spoken by native speakers of American English) among native speakers of Malayalam, to gain insight into their ability for the recognition of English consonants. Results of the present study could provide an initial assessment of the abilities to recognise English consonants among speakers of Malayalam, which is one of the languages spoken in India. The objective of the present study was to compare the recognition of English consonants and Malayalam consonants (i.e., consonants spoken by native speakers of Malayalam) by native speakers of Malayalam in quiet and in the presence of noise. Malayalam and English consonants will be referred as native and non-native consonants respectively in the present study. The present study also investigated the effect of SNR on the recognition of Malayalam (native) and English (non-native) consonants.

SUBJECTS AND METHODS {#sec1-2}
====================

Participants {#sec2-1}
------------

Fifteen native listeners of Malayalam (3 males and 12 females) aged between 18 and 23 years (mean age = 19.6 years) participated in the study. All the participants had hearing sensitivity within normal limits in both ears, with pure-tone thresholds less than 15 dB HL at octave frequencies between 250 Hz and 8000 Hz. Immittance evaluation showed normal middle ear functioning, with "A" type tympanogram and acoustic reflex thresholds at normal levels for all the participants. None of the participants had otologic or neurologic problems, exposure to hazardous noise or ototoxic medication, and difficulty understanding speech in the presence of noise. All the participants had English as the medium of instruction at school for at least ten years. Proficiency for understanding English was assessed using Language Experience and Proficiency Questionnaire (LEAP-Q).\[[@ref9]\] Self-rated proficiency of all participants was greater than seven, which suggests good to excellent proficiency. The study protocol was approved by Institutional Ethics committee at Kasturba Medical College, Mangalore. Informed consent was obtained from all participants before their participation in the study.

Stimulus {#sec2-2}
--------

Stimuli comprised of 16 consonants (/p/, /t/, /k/, /b/, /d/, /g/, /m/, /n/, /f/, /v/, /s/, /z/, /r/, /l/, /ʃ/, /ʧ/) in intervocalic context (VCV), the vowel preceding and following the consonant was always /a/ (e.g. /apa/, /aba/ etc.). These non-sense syllables were produced by native speakers of Malayalam and American English. Eight native speakers of Malayalam (five females and three males) produced non-sense syllables, and the utterances were recorded using Computerized Speech Lab (CSL) model 4150 version 3.2.1. (KAY Elemetrics). The utterances were digitally recorded with a sampling rate of 44100 Hz and 16-bit analog-to-digital converter. All the recordings were carried out in a sound-treated quiet room. All the utterances were independently reviewed by two experts to ensure intelligibility of each stimulus, and those syllables which received poor intelligibility judgment were replaced with new recordings. Non-sense syllables spoken by native speakers of American English were obtained from VCV corpus recorded by Shannon et al.\[[@ref10]\]

For investigating consonant recognition in noise, the recorded syllables were mixed with speech-shaped noise to obtain SNRs of 8 dB, 0 dB, and −8 dB SNR. To generate speech-shaped noise, the VCV syllables spoken by all the talkers were normalised to the same root mean square (RMS) level, and averaged spectrum was obtained separately for Malayalam and English consonants using all the syllables. Using the averaged spectrum, a finite impulse response function was created, and white noise was passed through the impulse response function to obtain speech-shaped noise. The desired SNR was obtained by adjusting the RMS level of noise with reference to the RMS level of VCV syllables.

Procedure {#sec2-3}
---------

Consonant recognition task was carried out in quiet and in the presence of noise as a closed set identification task. It was carried out as 16-alternative forced-choice procedure. Participants were instructed to identify the consonants in nonsense syllables and provide a response by clicking the button labelled with corresponding consonant sound, shown on the computer screen. Once the response was obtained, the next syllable was presented after a short pause of 1.5 sec. The consonant recognition task was always carried out in the quiet listening condition first and then in the presence of noise. The order of presentation of syllables was randomised across consonants and talkers and delivered to both ears of the participants using Sennheiser HD180 circum-aural headphones. The consonant recognition task was carried out in a quiet room, and all participants completed the task either in one or two sessions. Responses of participants were stored in the form of confusion matrix, separately for each listening condition.

Data Analysis {#sec2-4}
-------------

The recognition score for native and non-native consonants was computed for each participant across the listening conditions, and the percent correct recognition score was transformed into rationalised arcsine units (RAU).\[[@ref11]\] The transformed RAU scores were subjected to repeated measure ANOVA, to investigate the effect of languages and listening conditions on the recognition scores. All statistical analysis was performed using Statistical Package for the Social Sciences software version 16.0. In addition, the confusion matrices obtained from participants were subjected to sequential information transfer analysis\[[@ref12]\] using feature information xfer software. The features of consonants such as place of articulation, manner of articulation, and voicing were used for information transfer analysis. The values used for place of articulation were bilabial, labiodental, alveolar, palatal and velar; for manner of articulation the values used were stop, affricate, fricative, liquid, and nasal. Voicing had two values, voiced and voiceless. To investigate whether language and listening condition has a significant effect on the transfer of consonant feature information, the data was subjected to repeated measure ANOVA.

RESULTS {#sec1-3}
=======

[Figure 1](#F1){ref-type="fig"} shows mean consonant recognition scores for native and non-native consonants in quiet and noise listening conditions. The recognition score was highest in favourable listening conditions (quiet and 8 dB SNR) for both native and non-native consonants. While, in challenging listening conditions (0 dB SNR and −8 dB SNR), the recognition score for both native and non-native consonants decreased with a reduction in the SNR. Further, in favourable listening conditions, the recognition score was slightly better for native consonants compared to non-native consonants. In contrast, the recognition score for non-native consonants was better than native consonants in challenging listening conditions. To investigate if the mean recognition scores are significantly different between native and non-native languages (Malayalam and English) and listening conditions (quiet, 8 dB SNR, 0 dB SNR, and −8 dB SNR), scores in RAU was subjected to repeated measure ANOVA. Results showed a significant effect of listening condition \[F(3,42) = 650.946, *P* \< 0.001\] on the recognition scores, while language had no effect \[F(1,14) = 1.174, *P* = 0.297\]. Further, the interaction between language and listening condition was significant \[F(3,42) = 42.453, *P* \< 0.001\]. Since there was a significant interaction between language and listening condition, repeated measure ANOVA was carried out with listening condition as repeated measures, separately for native and non-native consonants. It revealed a significant effect of listening condition for the recognition score of both native \[F(2,31) = 696.406, *P* \< 0.001\] and non-native \[F(2,30) = 143.261, *P* \< 0.001\] consonants. Pairwise comparison using Bonferroni test revealed a significant difference for the recognition scores across the listening conditions for both native and non-native consonants, except for listening conditions between quiet and 8 dB SNR for both native and non-native consonants (native \[*P *= 0.197\]; non-native \[*P* = 1\] and quiet and 0 dB SNR of non-native consonants \[*P* = 0.71\].

![Mean and standard deviation (±1 SD) of consonant recognition scores for native and non-native consonants in quiet and noise listening conditions. Filled circle represents mean consonant identification score for recognition of English consonants by native American English listeners (reported in earlier investigation\[5\].](NH-21-55-g001){#F1}

[Figure 2](#F2){ref-type="fig"} shows the recognition score for each consonant across the listening conditions (Panels A, B, C, and D). Panels E, F, and G show the difference in recognition scores for individual consonants between the listening conditions. In the figure it can be noted that, in favourable listening conditions the recognition score for native consonants was better than non-native consonants, except for consonants /k/, /g/, /n/, /l/, /r/ /s/, /z/, /ʃ/, and /ʧ/, referred as native advantage. The native advantage was greatest for consonants /p/, /b/, /d/ and /v/. In contrast, at 0 dB SNR, the recognition score for most of the non-native consonants was better than native consonants, except for consonants /t/, /d/, /k/, /f/, and /ʃ/. Further, panel F shows that, reducing the SNR from 8 dB to 0 dB SNR had an effect on the recognition score of consonants /p/, /b/, /g/, /m/, /l/, and /v/, while native consonants were greatly affected. On the other hand, at −8 dB SNR, the recognition score for all non-native consonants was better than native consonants, except for consonants /l/ and /ʃ/. Reducing the SNR from 0 dB SNR to −8 dB SNR affected the recognition of all consonants, except for fricatives /s/, /ʃ/, /z/ and affricate /ʧ/ for both native and non-native consonants. This finding in the present investigation shows no native advantage for the recognition of native consonants in challenging listening conditions.

![Left panels show mean recognition scores for each consonant across the listening conditions for both native and non-native consonants. Panels A, B, C, and D show mean recognition scores for quiet, 8 dB SNR, 0 dB SNR, and −8 dB SNR listening conditions. Right panels show the difference in recognition scores for individual consonants between the listening conditions. Panels E, F, and G show difference in scores between listening conditions quiet and 8 dB SNR, 8 dB SNR and 0 dB SNR, and 0 dB SNR and −8 dB SNR respectively.](NH-21-55-g002){#F2}

Information transfer analysis {#sec2-5}
-----------------------------

[Figure 3](#F3){ref-type="fig"} shows the transfer of information for consonant features voicing, manner of articulation, and place of articulation for both native and non-native consonants across the listening conditions. In quiet listening condition, the transfer of information was highest for manner of articulation and lowest for voicing for both native and non-native consonants. While, in the presence of noise, the transfer of information reduced with a reduction in the SNR for all consonant features of both native and non-native consonants. Further, in quiet and 8 dB SNR, the transfer of information for consonant features place of articulation and manner of articulation was similar for both native and non-native consonants. However, at 0 dB and −8 dB SNR, the transfer of place of articulation and manner of articulation information was better for non-native consonants. The transfer of voicing information of non-native consonants was greatly affected in quiet and 8 dB SNR conditions compared to native consonants. In contrast to place of articulation and manner of articulation, the transfer of voicing information was higher for native consonants compared to non-native consonants in quiet and 8 dB SNR conditions. Whereas at −8 dB SNR, the transfer of voicing information was better for non-native consonants.

![Transfer of information for consonantal features place of articulation (panel A), manner of articulation (panel B), and voicing (panel C) in quiet and in the presence of noise at various SNRs.](NH-21-55-g003){#F3}

To investigate whether the transfer of information was significantly different between languages, listening conditions, and consonant features a repeated measure ANOVA was performed. Results showed a significant effect of consonant features \[F(1,16) = 25.191, *P* \< 0.001\] and listening conditions \[F(2,27) = 603.379, *P* \< 0.001\] on the transfer of information, while language had no effect \[F(1,14) = 2.625, *P* = 0.127\]. Further, results showed a significant three-way interaction between consonant feature, language, and SNR \[F(3,43) = 9.052, *P* \< 0.001\] and two way interaction between consonant features and language \[F(1,19) = 4.794, *P* = 0.031\], consonant features and SNR \[F(3,41) = 4.977, *P* = 0.005\], and language and SNR \[F(2,27) = 36.3, *P* \< 0.001\]. Since the results showed a significant interaction, a repeated measure ANOVA was carried out separately for native and non-native consonants with consonant features and listening conditions as repeated measures. Results showed a significant effect of consonant features (native \[F(1,18) = 14.411, *P* = 0.001\]; non-native \[F(1,17) = 19.37, *P* \< 0.001\] and listening conditions (native \[F(2,25) = 462.762, *P* \< 0.001\]; non-native \[F(3,42) = 171.483, *P* \< 0.001\] on the transfer of information. The interaction between consonant feature and listening condition was also significant (native \[F(3,45) = 4.799, *P* = 0.005\]; non-native \[F(3,43) = 7.949, *P* \< 0.001\]. To investigate the effect of listening condition on the transfer of information, repeated measure ANOVA was performed separately for consonant features (place of articulation, manner of articulation, and voicing) of both native and non-native consonants. Results showed a significant effect of listening condition on the transfer of place of articulation (native \[F(2,28) = 331.308, *P* \< 0.001\]; non-native \[F(3,42) = 138.791, *P* \< 0.001\], manner of articulation (native \[F(1,23) = 319.224, *P* \< 0.001\]; non-native \[F(1,21) = 203.786, *P* \< 0.001\], and voicing (native \[F(2,24) = 219.215, *P* \< 0.001\]; non-native \[F(3,42) = 35.46, *P* \< 0.001\] for both native and non-native consonants. Pairwise analysis revealed a significant difference for the transfer of information of all consonant features across the listening conditions, except for quiet and 8 dB SNR for both native and non-native consonants (native: place (*P* = 0.225), manner (*P* = 0.149), voicing (*P* = 1); non-native: place (*P* = 1), manner (*P* = 1), voicing (*P* = 0.698)). In addition, no significant difference was noted between listening conditions quiet and 0 dB SNR (place \[*P* = 0.126\]; voicing \[*P* = 1\] and 8 dB SNR and 0 dB SNR for non-native consonants (manner \[*P* = 0.084\]; voicing \[*P* = 0.445\].

DISCUSSION {#sec1-4}
==========

Results of the present study showed that recognition of both native and non-native consonants was better in favourable listening conditions compared to challenging listening conditions. In the presence of noise, the recognition score reduced with a reduction in the SNR for both native and non-native consonants. These results agree with the findings of other investigations.\[[@ref8][@ref13][@ref14][@ref15]\] Further, results of the present study showed that recognition of native consonants was better than non-native consonants in favourable listening conditions. However, in challenging listening conditions recognition of non-native consonants was better than native consonants. This finding was not expected since earlier investigations have consistently shown poorer recognition scores for non-native consonants in challenging listening conditions.\[[@ref8][@ref13][@ref14]\]

Better recognition score for non-native consonants in challenging listening conditions was not expected. This contradictory finding could arise due to differences in the spectrum of native and non-native consonants. Phatak\[[@ref16]\] showed that recognition of consonants /t/, /s/, /z/, /ʃ/, and /z/ was least affected in the presence of speech-shaped noise compared to other consonants. Similar findings have been reported by several investigations in the presence of noise.\[[@ref15][@ref16][@ref17]\] Better recognition in the presence of noise was attributed to higher SNR at high frequencies for those consonants. On the other hand, the contradictory findings could be due to differences in the spectrum of noise used for masking native and non-native consonants. Any difference in the spectrum of noises used for masking native and non-native consonants could result in an unequal amount of masking of consonants, thereby resulting in different recognition scores for native and non-native consonants.\[[@ref16][@ref17]\]

Since the recognition score was better for non-native consonants in challenging listening conditions, we speculated that the level of some components of speech might be higher for non-native consonants compared to native consonants. [Figure 4](#F4){ref-type="fig"} shows the spectrum of speech-shaped noise used for masking native and non-native consonants and VCV syllables spoken by native speakers of Malayalam and American English. It shows that the spectrum of speech-shaped noise used for masking native and non-native consonants was similar. In contrast, the VCV syllables spoken by Native American speakers have greater energy at high frequencies and slightly lower energy at low frequencies compared to syllables spoken by native Malayalam speakers. Therefore, in the presence of noise, the effective SNR at high frequencies would be higher for non-native consonants compared to native consonants. Based on this observation, better recognition score for non-native consonants in challenging listening conditions could be attributed to relatively higher SNR at high frequencies for non-native consonants compared to native consonants. However, in favourable listening conditions, higher SNR at high frequencies did not result in better recognition scores for non-native consonants compared to native consonants. This finding could be attributed to the difference in use and weightage of perceptual cues during recognition of consonants.\[[@ref18][@ref19]\]

![Spectrum of speech-shaped-noise used for masking native and non-native consonants and VCV syllables produced by native speakers of American English and Malayalam at −8 dB SNR. Black dashed line and grey dashed line represent spectrum of speech-shaped noise used for masking non-native and native consonants respectively. Black lines and grey lines represent spectrum of VCV syllables produced by native speakers of American English and Malayalam. Each line represents the spectrum of individual syllables.](NH-21-55-g004){#F4}

To conclude, findings of the present study show that the recognition of native and non-native consonants are differently affected in the presence of speech-shaped noise among native speakers of Malayalam. In favourable listening conditions, recognition of native consonants was better than non-native consonants, while in challenging listening conditions the recognition of non-native consonants was better than native consonants.
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